A ntibiotic resistance among ocular pathogens is a public health concern. The multicenter, prospective Antibiotic Resistance Monitoring in Ocular micRoorganisms (ARMOR) study is an ongoing surveillance study designed to report on antibiotic resistance rates and trends among Staphylococcus aureus, coagulase-negative staphylococci (CoNS; includes Staphylococcus epidermidis), Streptococcus pneumoniae, Pseudomonas aeruginosa, and Haemophilus influenzae isolates from ocular infections. Results for more than 4,000 isolates collected from 2009 -2015, representing 7 years of ARMOR, were recently presented. More than a third of S. aureus and almost half of all CoNS isolates were found to be resistant to methicillin. Staphylococcal isolates also showed high levels of multidrug resistance (resistance to ≥3 antibacterial drug classes) with 76.4% and 73.7% of methicillin-resistant S. aureus (MRSA) and methicillin-resistant CoNS (MRCoNS) isolates, respectively, demonstrating multidrug resistance. Resistance among S. pneumoniae was notable for azithromycin (36.8%) and for penicillin (34.0%), whereas P. aeruginosa and H. influenzae were generally susceptible to the antibiotic classes tested. Longitudinal analyses demonstrated a small decrease in methicillin resistance among S. aureus over the 7-year study period, which may be a result of improved antibiotic stewardship. Continued surveillance of antibiotic resistance among ocular pathogens is warranted.
Antibiotic-resistant bacteria cause infections worldwide, with potentially serious health consequences, 1 although the majority of such infections involve resistance to systemically administered antibiotics used in the treatment of systemic infections. The first case of methicillin resistance in Staphylococcus aureus (MRSA) was reported in 1961, and was an uncommon finding until the 1990s when community-acquired MRSA became so prevalent in the general population that health authorities considered it endemic. 2 Although the incidence of healthcare-associated MRSA infections is declining due to preventive hygiene measures in the hospital setting, rates of community-acquired MRSA infections have increased in the general population over the last 10 years. Other pathogens that are resistant to antibiotics include vancomycin-resistant enterococci and multidrug-resistant Streptococcus pneumoniae, Mycobacterium tuberculosis, and Neisseria gonorrhoeae. In the US, the Centers for Disease Control and Prevention (CDC) and leading scientists have developed strategies to help reduce antibiotic resistance that include improving diagnosis, tracking and prescribing practices, optimizing therapeutic regimens, adopting antibiotic stewardship programs, and preventing infection transmission. 1 Ophthalmic bacterial infections are often treated before the causative pathogen is identified, and as such, antibiotic resistance in ocular infections is of particular concern. Whether an infection is on the ocular 4 Microbial keratitis is recognized as a significant sight-threatening complication that may result from refractive surgery with a reported incidence ranging from 0% to 1.5%. 5, 6 Solomon et al. reported an incidence of one infection for every 2,131 refractive surgery procedures in 2004, which increased to an incidence of one infection every 1,102 procedures in 2011; MRSA was the most common organism cultured. 5 High levels of methicillin resistance were also reported for S. aureus (51.9%) and S. 8 MRSA infection and other multidrug-resistant bacterial pathogens can be detrimental to vision and represent a major therapeutic challenge. 3, 9 There is a paucity of studies that monitor antibiotic resistance among ocular bacteria, and this represents a substantial unmet need. This article aims to describe ocular antibiotic resistance surveillance programs in the US, and to present the latest findings of the Antibiotic Resistance Monitoring in Ocular micRoorganisms (ARMOR) study, the only nationwide ongoing surveillance study specific to ocular bacterial pathogens.
Ocular TRUST
In the past decade, surveillance data have provided clinicians with a large, nationwide picture of resistance and susceptibility patterns in ocular infections. The Tracking Resistance in the United States Today (TRUST) study was developed with the objective of evaluating in vitro susceptibility of bacterial isolates collected yearly from approximately 200 clinical laboratories throughout the US. 10 At the time of inception, ocular isolates were not a primary consideration although ocular isolates were periodically submitted.
In order to monitor the growing problem of ocular antibiotic resistance, the program was expanded to include an ocular-specific substudy, the Ocular TRUST study. 11 The Ocular TRUST study objectives were to annually evaluate in vitro antimicrobial susceptibility of S. aureus, S. pneumoniae, and H. influenzae isolated from ocular infections to fluoroquinolones Reports from the second and third years of the study (Ocular TRUST 2 and Ocular TRUST 3) showed an increase in methicillin resistance in S. aureus to almost 50% by 2008. The Ocular TRUST 2 and Ocular TRUST 3 studies included surveillance of CoNS, among which methicillin resistance was found to be 62.0% in 2008. 12, 13 The investigators concluded that continued antibacterial surveillance of ocular pathogens should be undertaken.
ARMOR
The multicenter, prospective ARMOR study began in 2009 and was designed to survey antibiotic resistance among S. aureus, CoNS, S. pneumoniae, H. influenzae, and P. aeruginosa isolates from ocular infections. ARMOR is currently ongoing, and is the only multicenter, national survey of antibiotic resistance patterns among bacterial isolates specific to ophthalmology. 14 Participating centers (including eye centers and both university and community hospitals) were invited to submit clinically relevant bacterial isolates cultured from both topical and intraocular infections. Bacterial isolates were sent to an independent, central laboratory if they were considered a causal factor in the ocular infection. The antibacterial minimum inhibitory concentrations (MICs; i.e., the lowest concentrations that inhibit growth) were determined for each antibiotic class by broth microdilution using the Clinical and Laboratory Standards Institute (CLSI) procedures with frozen antimicrobial microtiter panels. 15 Antibiotics tested included fluoroquinolones (ciprofloxacin, moxifloxacin, gatifloxacin, besifloxacin, levofloxacin, and ofloxacin), macrolides (azithromycin), aminoglycosides Multidrug resistance, defined as resistance to three or more antibacterial drug classes, was found in 428 MRSA isolates (86.8%) and 381 methicillinresistant CoNS (MRCoNS) isolates (77.3%). S. pneumoniae showed significant resistance to azithromycin (113 isolates, 34.2%) and penicillin (105 isolates, 31.8%), whereas resistance among P. aeruginosa and H.
influenzae was low against the tested antibiotics. Staphylococcal isolates were more likely to be methicillin-resistant if they were collected from elderly patients or from patients in the southern US (p<0.001). Small but significant decreases in resistance were found to some antibiotics over the 5-year study period. Ciprofloxacin resistance decreased among CoNS and MRCoNS, and tobramycin resistance decreased among CoNS (p≤0.03).
Seven-year Results from the ARMOR Surveillance Study
Results for isolates collected from 2009 through 2015, representing seven years of ARMOR, were presented recently, encompassing a cumulative total of 4,226 ocular isolates from 86 sites in 40 states over the 7 years. 18 For this larger dataset, the anatomical source was known for 1,956 isolates (46.3%) and included the conjunctiva (n=909), cornea (n=865), aqueous humor (n=61), and vitreous humor (n=121). Overall, resistance rates among ocular bacterial pathogens were comparable to those found over the first 5-year period.
14 Similar levels of methicillin resistance were observed among staphylococci to those reported for the 5-year dataset. Of 1,483
S. aureus isolates, 567 (38.2%) were methicillin-resistant whereas among 1,285 CoNS isolates, 632 (49.2%) were methicillin-resistant. Also, as in the 5-year dataset, the rate of multidrug resistance among methicillin-resistant strains was high with 76.4% and 73.7% of MRSA and MRCoNS isolates, respectively, resistant to three or more antimicrobial classes (see Figure 1 ).
However, all staphylococcal isolates were sensitive to vancomycin. Of S. pneumoniae isolates (n=421) in the 7-year dataset, 36.8% were resistant to azithromycin and 34.0% were resistant to penicillin, again consistent with the 5-year dataset. Among P. aeruginosa isolates (n=524), low antibiotic resistance was found, and almost no antibiotic resistance was observed among H. influenzae isolates (n=513).
When antibiotic resistance rates were evaluated over time, several trends were observed (see Figure 2) . Notably, a small but significant decrease in resistance to methicillin (oxacillin) was reported (p≤0.001) among S. aureus isolates that had not been evident in the 5-year dataset. By contrast, methicillin resistance did not decrease for CoNS over the 7-year time frame. There were also small but significant decreases in resistance of S. aureus against azithromycin, ciprofloxacin, and tobramycin (p≤0.001);
MRSA against tobramycin (p= 0.022); CoNS against ciprofloxacin (p=0.006);
and P. aeruginosa against ciprofloxacin (p=0.013) and tobramycin (p=0.019). In addition, MRCoNS showed a small but significant (p=0.021) increase in resistance against tobramycin. The largest change over time was in S. pneumoniae, which showed a significant increase (~twofold) in resistance to azithromycin (p=0.025) over the 7-year study period. 18 With the exception of the decrease in resistance to ciprofloxacin among Table 1 ). These differences were 
Conclusions
Limitations of the ARMOR surveillance study include the potential for sampling bias owing to the infrequent practice of culturing bacterial pathogens, and the application of systemic breakpoints to define isolates as susceptible or resistant to ocular treatment. 14 Systemic breakpoints are derived from pharmacokinetic and pharmacodynamic studies of systemic infections, and their value when assessing the susceptibility of ocular isolates exposed to topically applied antibiotics remains unclear. However, in the absence of topical, ophthalmic breakpoints, systemic breakpoints remain a useful means of determining the antibiotic resistance status of isolates from ophthalmic infections.
Another consideration is that while antibiotic concentration in external ocular tissue upon topical application may exceed the MIC needed for common ocular isolates, topical antibiotics are rapidly eliminated from tears due to tear turnover.
As with their systemic counterparts, ocular pathogens are demonstrating high in vitro resistance to antimicrobial agents. Vancomycin remains effective in vitro against staphylococcal isolates, but it is not commercially available as a topical formulation and must be compounded for use.
Although newer drugs, such as besifloxacin, demonstrate significant in vitro activity against many resistant bacterial pathogens, the resistance of staphylococcal isolates to older fluoroquinolones is cause for concern. The fact that methicillin resistance is decreasing among S. aureus, is, however, a promising finding that may suggest an increased awareness of the problems of antibiotic resistance and also improved antibiotic stewardship. Indeed, in terms of systemic infections, increased education regarding judicious antibiotic use by limiting overprescription of antibiotics, cycling between antibiotic classes, and using combination therapies has led to a decrease in antibiotic resistance in systemic infections. [19] [20] [21] [22] The ARMOR study is the only nationwide evaluation of antibacterial susceptibility of common ocular pathogens in the US, and now includes almost 1,000 additional isolates beyond those included in the 2015 evaluation. 18 Although trends over the past 7 years show a small but significant decrease in S. aureus resistance to some antibiotic classes, and confirmed the previous finding of a decrease in resistance among CoNS to ciprofloxacin, some increases in resistance were also noted. For instance, small but significant increases in resistance were noted among MRCoNS to tobramycin and among S. pneumoniae to azithromycin.
Together these findings underscore the need for continued surveillance of antibiotic resistance trends and to help guide treatment decisions for ocular bacterial infections.
